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Microswimmers such as E. Coli bacteria accumulate and exhibit an intriguing dynamics near walls,
governed by hydrodynamic and steric interactions. Insight into the underlying mechanisms and
predominant interactions demand a detailed characterization of the entrapment process. We em-
ploy a mesoscale hydrodynamics simulation approach to study entrapment of a E. coli-type cell at
a no-slip wall. The cell is modeled by a spherocylindrical body with several explicit helical flagella.
Three stages of the entrapment process can be distinguished: the approaching regime, where
a cell swims toward the wall on a nearly straight trajectory; a scattering regime, where the cell
touches the wall, with an reorientation of the cell by a torque originating from steric interactions;
and a surface-swimming regime. Our simulations show that steric interactions may dominate the
entrapment process, yet, hydrodynamic interactions slow down the adsorption dynamics close to
the boundary and imply a circular motion on the wall. The locomotion of the cell is characterized
by a strong wobbling dynamics, with cells preferentially pointing toward the wall.
1 Introduction
Surfaces and walls play an essential role in the life cycle of bacte-
ria, because in the wild, bacteria are only rarely isolated and free-
swimming, but are primarily associated with surfaces.1–3 In fact,
bacteria typically spend most of their life time in a biofilm, rather
than as planktonic cell in the bulk fluid, yet biofilm formation
is initiated by an initial contact of a planktonic cell with a sur-
face.4,5 Bacteria approaching a wall experience surface-specific
interactions, such as hydrodynamic forces, adhesive forces, steric
interactions, etc., which govern the adsorption process and their
surface dynamics. The importance of the various interactions for
bacteria entrapment has been addressed experimentally, theoreti-
cally, and by simulations. Studies on wall entrapment of microor-
ganisms, such as non-tumbling E. coli6 and bull spermatozoa7,
reveal an enhanced concentration at a surface. This near-wall
accumulation of cells can be explained by two distinct mecha-
nisms.8–10 On the one hand, hydrodynamic interactions between
the microswimmer and the wall lead to an attractive interac-
tion and, for E.coli-type bacteria, a torque trying to align the mi-
croswimmer with the surface.6,11 On the other hand, neglecting
explicit hydrodynamic interactions, the cell body of a flagellated
microswimmer, e.g., E. coli, moving along a no-slip wall at con-
stant height experiences viscous drag and a torque rotates the
body.11–13 At the same time, the flagellar bundle is exposed to
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this torque, which rotates it away from the wall, and a second
torque originated from the coupling to the cell translational mo-
tion. Since the overall system is torque free, a finite inclination
angle of the flagellum is obtained with the cell swimming toward
the wall.2,11,14 Finally, in addition to the hydrodynamic mecha-
nisms for the near wall accumulation, steric interactions with a
wall and cell rotational Brownian motion alone can also produce
wall accumulation at finite microswimmer density.15–17
Despite considerable efforts, the process of microswimmer en-
trapment at walls is by no means satisfactorily described by
explicit modeling so far. Various numerical studies, using the
boundary-element method and representing a bacterium by a
rigid spheroidal body and the flagella bundle by an attached
aligned thin helical cylinder, predict stable configurations of cells
swimming at a planar wall.18,19 Cells are found to maintain a sta-
ble height above a surface with an inclination angle, where the
bacterium’s body points away from the wall. Moreover, recent
studies on bacteria-like polar swimmer, consisting of a spheroidal
body and an active propelling rod, predict a critical swimmer
size for entrapment.8 Regardless of the cell body shape, organ-
isms with sufficiently long flagella—about twice the cell-body
diameter—are expected to exhibit a positive inclination angle
with the head pointing toward the boundary, whereas for short
enough flagella, they are orientated away from the wall. This ef-
fect can be traced back to a faster increase of the Stokeslet dipole
and quadrupole strengths with increasing rod length compared
to the source dipole strength.8 Mesoscale hydrodynamics simula-
tions of a mechano-elastic E. coli-type model with several explicit
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flagella, including thermal noise and steric interactions, also yield
stable, wall-parallel trajectories with a distance of approximately
250nm, about half of a body radius, between the wall and the cell-
body surface.20 Similar simulations of a more complex, swarmer-
type bacteria model,21 with an elongated body and a large num-
ber of randomly anchored flagella, exhibit stable entrapped tra-
jectories with cells preferentially oriented toward the wall. The
elongated nature of the cell body leads to a large (average) angle
between the cell body and the inclined bundle. The interplay of
near-field hydrodynamic wall interactions and steric repulsion of
cell body and bundle determines then the orientation toward the
wall. A recently developed experimental setup enables the full
three-dimensional characterization of the entrapment dynamics
of smoothly swimming E. coli bacteria.22,23 Such studies clearly
reveal a significant angle between the cell body and the surface,
with a rather broad angle distribution, but cells pointing toward
the wall. Hence, there is a disparity of available results and lack
of a clear understanding of the entrapment mechanism at walls.
The insight into the corresponding cell-level processes is not only
fundamental for biological systems, e.g., biofilm initiation, but
should also be essential for the rational design of biomimetic mi-
crorobots.24,25
In this article, we perform mesoscale-hydrodynamics simula-
tions of a mechano-elastic E. coli-type model with several flagella
to shed light onto the entrapment of bacteria at a no-slip surface.
Our bacterium model closely resembles the geometry, flagellar
elastic properties, and rotary motor torque of E. coli with multi-
ple flagella.21,26 A hybrid simulation approach is adopted, where
molecular dynamics simulations for the bacterium are combined
with the multiparticle collision dynamics (MPC) method for the
embedding fluid.27 MPC is a particle-based simulation approach
taking into account hydrodynamic interactions and thermal fluc-
tuations.28–30 It is a valuable and adequate simulation method to
study nonequilibrium, active systems.10,17,20,21,26,29,31–39 In par-
ticular, MPC has successfully been used to characterize synchro-
nization of flagella beating between nearby swimming sperm,40
bundling of helical flagella of bacteria,41,42 swimming of bacteria
near walls,20,21, and studies on clustering of squirmers.43
In our simulations, the cell entrapment process can be classified
in three regimes, the approaching regime, where cells swim es-
sentially straight toward the surface, the scattering regime, where
they reorient, and the surface swimming regime, where they
swim along the wall on circular trajectories. We confirm that hy-
drodynamic interactions reduce the swimming velocity while they
approach the surface, however, it is rather due to lubrication than
hydrodynamic interactions by the force-dipole flow field. Sim-
ilarly, reorientation is caused by steric cell-surface interactions
and/or hydrodynamics.23,44 In contrast to the various theoreti-
cal predictions, our cells preferentially point toward the surface
during stable near wall locomotion. Since we consider randomly
anchored flagella on the cell surface, we find a wide spectrum of
wobbling motions, where the cell body’s orientation varies peri-
odically.45 Interestingly, the bundle orientation and overall swim
direction is little affected by the strong orientational fluctuations
of the cell body. Evidently, the flagella bundle rotation determines
the overall cell swimming behavior and the cell body responds to
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Fig. 1 Model of an E. coli cell with a spherocylindrical cell body of diame-
ter d = 0.9µm and length lb = 2.5µm. It is composed of circular sections of
particles, which are connected by the bond potential of Eq. (1). The flag-
ellum, a three-turn left-handed helix of radius R= 0.2µm, pitch L= 2.2µm
and contour length Lc = 7.6µm consists of 76 consecutive octahedral-like
segments.
the this rotation.
The manuscript is organized as follows. In Sec. 2, the cell
model and simulation approach are described. Section 3 presents
the results for the various stages of the scattering process, and
Sec. 4 summarizes our findings.
2 Simulation method
2.1 E. coli model
We employ a mechano-elastic bacterium model.20,21,26. The cell
is composed of a spherocylindrical body and flagella modelled
by semiflexible helical filaments (cf. Fig. 1). The whole cell is
constructed by points of mass M. For the body, the points are ar-
ranged on the circumference and in the center of circles of diam-
eter d = 9a, a is the length unit related to the MPC fluid described
in Sec. 2.2, with a spacing of 0.5a (along the cylinder center line)
and on smaller circles toward the poles. The cylindrical part con-
sists of 22 and the spherical cap of nine such circles corresponding
to the body length lb = 20a. In order to preserve the stability of
the body, nearest and next-nearest-neighboring particles are con-
nected by a harmonic potential of the form
Ub =
1
2
Kb(r− re)2, (1)
where r and re are the distance between a particle pair and its
preferred value, respectively, and Kb is the bond strength. Each
bacterium is equipped with 5 randomly anchored flagella, which
are described by the helical wormlike chain model,46,47 with an
adaptation suitable for the combination with MPC.26 A flagellum
consists of N = 76 segments of 6 particles arranged in an octahe-
dral shape, with 12 bonds along the edges of length a/
√
2 and 3
along the diagonals of length a. This construction allows for the
intrinsic twist of the flagellum and its coupling to MPC particles
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capturing torsional fluctuations.
Introducing the orthogonal bond vectors b1n= r in+1−r in+3, b2n=
r in+2− r in+4, and b3n = r in+1− r in for the bonds along the contour
of the flagellum, we can define orthonormal triads {e1n,e2n,e3n},
n = 1, . . . ,N, where eαn = b
α
n /|bαn |, α ∈ {1,2,3} (cf. Fig. 1). The
local elastic deformation of a flagellum proceeds in two steps: (i)
the rotation of {e1n,e2n,e3n} around e3n by a twist angle ϕn and (ii)
the rotation of the twisted triad {e˜1n, e˜2n, e˜3n} by a bending angle ϑn
around the normal nn = (e3n× e3n+1)/|e3n× e3n+1| to the plane de-
fined by the contour bonds b3n and b
3
n+1. The elastic deformation
energy is then
Uel =
1
2
3
∑
α=1
Kαel
N−1
∑
n=1
(Ωαn −Ωαe )2, (2)
where K1el = K
2
el is the bending modulus, K
3
el the twist modulus,
and Ωn =Ω1ne1n+Ω2ne2n+Ω3ne3n ≡ ϑnnn+ϕne3n the strain vector. The
parametersΩαe define the equilibrium geometry of the model flag-
ellum and are chosen to recover the shape of an E. coli flagellum
in the normal state.48
A flagellum is attached to the body by randomly choosing a
body particle as its first contour particle. The rotation of the flag-
ellum is induced by a motor torque T decomposed into a force
couple F and −F acting on particles i1 +2 and i1 +4 (T = b21×F
with F parallel to b11), or equivalently i1+1 and i1+3 (T = b
1
1×F
with F parallel to b21). Moreover, an opposite torque −T is ex-
erted on two body particles non-aligned with the body axis and
on different circles in the vicinity of the anchoring point. Hence,
the bacterium is force and torque free. A repulsive harmonic po-
tential
Uex =
{
1
2Kex(r− rex)2 r < rex
0 otherwise
(3)
is used to prevent flagella crossing and their penetration into the
cell body. Here, r is the closest distance between contour bond
segments of different flagella and the distance to the body-center
particles. We set rex = 0.25a and rex = (d+a)/2 for the flagellum-
flagellum and flagellum-body interactions, respectively.
The forces resulting from the potentials (1)–(3) and the forces
induced by the torques T and −T determine the dynamics of the
bacterium, which is described by Newton’s equation of motion.
The latter are solved by the velocity Verlet integration scheme.49
2.2 Fluid model: multiparticle collision dynamics
The fluid is modeled as a collection of point particles of mass m
with position r i and velocity vi. The dynamics of the particles pro-
ceeds by alternating streaming and collision steps.28–30 During a
streaming step, particles move ballistically over a time interval
∆t, denoted as collision time, and the their positions are updated
according to
r i(t+∆t) = r i(t)+ vi(t)∆t. (4)
In the collision step, all particles are sorted in cubic collision cells
of length a. Subsequently, the relative velocity of each particle,
with respect to the center-of-mass velocity of the considered colli-
sion cell, is rotated by a fixed angle α around a randomly oriented
axis, hence, their velocities after the collision are50
vi(t+∆t) = vcm(t)+R(α)
[
vi(t)− vcm(t)
]− r ic
×
[
mI−1 ∑
j∈cell
(
r jc(t)× [v jc(t)−R(α)v jc(t)]
)]
, (5)
where R(α) is the rotation operator, vcm the center-of-mass veloc-
ity, r jc = r j− rcm, v jc = v j−vcm, and I the moment-of-inertia ten-
sor of the particles in the center-of-mass reference frame of the
collision cell of particle i. The collision rule (5) conserves both
linear and angular momentum in each cell.50–52 Discretization in
collision cells implies violation of Galilean invariance, which is
reestablished by a random shift of the collision-cell grid after ev-
ery streaming step.53 A constant temperature is maintained by a
collision-cell-based, local Maxwellian thermostat, where the rela-
tive velocities of the particles in a collision cell are scaled accord-
ing to the Maxwell-Boltzmann scaling (MBS) method.54
2.3 Coupling of bacterium and MPC fluid
The coupling between the MPC fluid and the bacterium is
achieved in the MPC collision step by treating the points of the
bacterium on equal footing with the MPC particles, i.e., their ve-
locities are also rotated according Eq. (5) to ensure momentum
exchange between them and the fluid.21,27,55 Here, the center-
of-mass velocity of a collision cell is given by
vcm =
1
mNc+MNcc
(
Nc
∑
i=1
mvi+
Ncc
∑
j=1
Mvbj
)
, (6)
where, Ncc is the number of mass points of a bacterium in the
considered collision cell. Note that the cell body is penetrable
for fluid particles by this coupling. However, this still provides a
no-slip boundary condition on the body surface.56
2.4 Wall interaction
The fluid is confined between two walls parallel to the xz plane of
the Cartesian reference frame. No-slip boundary conditions are
implemented by employing the bounce-back rule for MPC parti-
cles and by taking into account wall phantom particles.30,54,57
To avoid direct wall contact, a cell experiences the repulsive
Lennard-Jones potential (wall at y= 0)
UW =
 4kBT
[(
σ
y− y′
)12
−
(
σ
y− y′
)6
+
1
4
]
y− y′ < yc
0 otherwise
,
(7)
where y is either the distance between a flagellum contour par-
ticle and the wall, or that of a body center-line particles and the
wall. Hence, y′ = d/2 for cell body and y′ = 0 for a flagellum
particle.
2.5 Parameters
We choose K1el = K
2
el = K
3
el = 5× 104kBT within the range of ex-
perimentally measured values of the flagellar filaments.26,47,48
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Fig. 2 Trajectory of a cell approaching a wall and undergoing a clock-
wise circular motion on the surface. The starting angle is θs = 45◦. (See
supplementary files, movie M1)
Here, kB is the Boltzmann factor and T the temperature. The
magnitude of the torque is set to |T | = 400kBT = 1640 pN nm,
smaller than the torque measured experimentally (4500 pN nm)
for a stalled motor.20,58,59 As a consequence, the bundle rotates
with the average frequency ωbund = 3.14× 10−2
√
kBT/ma2, five
times faster than the body, comparable to E. coli cells.48 The force
constant of the bonds and the repulsive harmonic potential are set
to Kb = Kex = 104kBT/a2. The cut-off distance for the wall inter-
action is yc =
6
√
2a and the interaction range is σ = a.
Length and time are measured in units of the collision cell size a
and τ = a
√
m/kBT , respectively. We choose the collision time ∆t =
0.05τ and the average number of fluid particles in a cell 〈Nc〉= 10.
A cubic simulation box of length 200a is considered, with two
no-slip walls parallel to the xz plane of the Cartesian reference
frame and periodic boundary conditions parallel to the walls. At
least ten independent realizations are considered for every shown
parameter set.
3 Results
Initially, swimming cells are created by independent bulk simu-
lations, with randomly anchored, radially outward pointing flag-
ella. By applying independent torques T to rotate flagella, a bun-
dle is formed and a cell starts to swim uni-directionally. Subse-
quently, the cell is placed in the center between the two walls and
rotated such that its swimming direction forms an angle θs with
the wall. The cell orientation of the subsequent trajectory is char-
acterized by the inclination angle θi(t) between the main axis of
the inertia tensor of the cell (body and flagella)—in fact, it closely
agrees with the orientation of the flagellar bundle as well as the
swimming direction—and its projection onto the horizontal wall
(cf. Fig. 2) (θs = θi(0)).
As is well established, motile bacteria display helical swimming
paths,60 since the flagellar bundle is typically not aligned with
the cell body, but can be strongly inclined.21,61,62 The inclina-
tion causes a wobbling motion of the cell body, i.e., it precesses
around the swimming direction.22,23,61,63,64 Wobbling (wiggling)
depends on different cell parameters such as the orientation and
position of the flagellar bundle relative to the cell body, or the vis-
coelastic properties of the surrounding fluid.63,64 We expect an
effect of wobbling on the cell-surface scattering process.
Figure 2 depicts a cell approaching a wall and its clockwise
swimming at the wall. The time dependence of the center-of-
mass height above the wall is displayed in Fig. 3. Initially, a cell
swims more or less straight toward the wall until it interacts with
the wall. Subsequently, the cell moves along the wall at a nearly
constant height in a circular manner.
Three regimes can be identified in Fig. 3(a): (i) The approach-
ing regime t/τˆ . 5, where the inclination angle is fluctuating, but
the cell swims essentially straight, (ii) the reorientation regime
5. t/τˆ . 9, and (iii) the surface swimming regime t/τˆ & 9. Here,
τˆ = lb/v¯= 0.67×104τ is the time required for a cell with the aver-
age velocity v¯= 3×10−3√kBT/m≈ 10µm/s to swim over its body
length lb.
3.1 Wall approach
Our simulations yield an effect of the wall on the cell swimming
velocity in its vicinity. As shown in Fig. 4, we find a slowdown of
the velocity normal to the wall already for cell-wall separations
larger than a body length.
An important aspect in cell entrapment is the role of hydro-
dynamic interactions, a fact, which has been addressed in vari-
ous experiments.23,44 Experimental studies lead to the conclusion
that hydrodynamic interactions are of minor importance.44 How-
ever, other studies show a reduction of the velocity in the direc-
tion normal to the surface of an approaching bacteria when closer
than approximately a cell length,22,23,65 which is attributed to an
increased friction due to hydrodynamic interactions.23,66 The far-
field approximation for an approaching (externally pulled) sphere
yields the normal velocity at a no-slip wall
vy = v¯
(
1− 9
16
d
ycm
+
1
16
(
d
ycm
)3)
, (8)
where v¯ denotes the velocity far from the boundary (bulk) and
ycm the location of the sphere’s center.23,66,67 Our simulation re-
sults are in agreement with Eq. (8) within the accuracy of the
simulation, cf. Fig. 8.
However, Eq. (8) corresponds to the velocity of an approaching
Stokeslet, whereas the near-flow field of an E. coli is very different
from the Stokeslet flow field.26 A more suitable approximation
would be the normal velocity emerging from the interaction of a
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Fig. 3 (a) Time evolution of the center-of-mass position of the cell body above the wall, ycm, and the inclination angle, θi, during a wall-entrapment
event. (b) Time evolution of the inclination angle during the reorientation stage for a strongly (green) and weakly (blue) wobbling cell for the initial angle
45◦. The red curve is the average value over 14 realizations. The dashed line corresponds to the time of collision, tc, with the wall, and the black solid
line is a fit to Eq. (13). (c) Inclination angle at the first encounter with the wall as function of its initial value. The bullets represent average value over
all realizations and error bars are the standard deviation. The dashed line indicates θi = θs.
hydrodynamic dipole with a no-slip wall, namely
vdy =−
3p
64piηy2
(
1−3sin2 θi
)
, (9)
where y is the height of the center of the considered force dipole
above the wall, p the dipole strength, where p > 0 for E. coli, η
the fluid viscosity, and θi the inclination angle.6,8,68 The actual
velocity in then vy = v¯+ vdy . Normalization with respect to the
average swimming velocity v¯ and the diameter of the cell body,
yields the relation
vy
v¯
= 1−u0
(
d
y
)2
. (10)
Using the MPC fluid parameters and the dipole strength p =
2.2pNµm, obtained in Ref. 26 for swimming E. coli, we find
u0 ≈ 2. As shown in Fig. 4, the velocity contribution of Eq. (10)
with u0 = 2 drops somewhat faster for ycm → 0 than the simula-
tion data. However, the data are very well reproduced by fitting
Eq. (10), which yields u0 = 0.9. Considering the uncertainties in
the determination of the force dipole, specifically in the vicinity
of the wall, u0 = 2 is reasonably close to the fitted value, which
suggest that the slow-down might be explained by hydrodynamic
interactions of the self-propelled cell with the wall. Unfortunately,
our data are not precise enough to rule out one of the interactions
mechanisms (Eqs. (8), (10)).
3.2 Impact and scattering
The time dependence of the inclination angle during cell reorien-
tation is displayed in Fig. 3(b) for two realizations of random flag-
ella anchoring, which emphasizes the dependence on the extent
of wobbling, as well as the average over several realizations. Two
mechanisms contribute to cell reorientation: (i) hydrodynamic
interactions with the wall for a force and torque free swimmer
and (ii) steric interactions as soon as the swimmer experiences
mechanical wall forces.
2 4 6 8 10
ycm/d
0.5
0.0
0.5
1.0
1.5
2.0
v y
/v
Stokeslet
y 2
force dipole
Fig. 4 Velocity normal to the wall as a function of the body center-of-
mass position above the wall for various realization and their average
(black line); the initial angle is θs ≈ 45◦. The velocities are normalized
by the swimming velocity, v¯, far from the wall. The purple dashed line
is obtained with the Stokeslet velocity of Eq. (8) The red dashed line is
calculated with the force-dipole contribution (9), and the green dashed
line is a fit of the velocity profile including Eq. (9).
Hydrodynamic interactions yield the rotation frequency
Ωz(θi,y) =−3pcosθi sinθi64piηy3
[
1+
(γ2−1)
2(γ2 +1)
(1+ sin2 θi)
]
, (11)
where γ is the aspect ratio of the cell (γ > 1).6,8,68 The influ-
ence of the hydrodynamic reorientation on cells can be deduced
from Figs. 3, displaying the time dependence of the inclination
angle (Fig. 3(b)) and the inclination angle at surface contact, θc,
as function of the initial angle θs (Fig. 3(c)). Figures 3(a), (b)
suggest a certain reorientation before a cell encounters the wall,
however, by a few degrees only. Similarly, Fig. 3(c) shows small
differences between θs and θc at low θs values, but θc drops below
θs at large θs as in experiments.69
A quantitative comparison of Eq. (11) with the simulation re-
sults is hampered by the strong dependence of Ωz on the height y
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above the wall. To account for cell body and flagellar bundle, we
use the body length for y= lB, which is approximately equal to the
hydrodynamic radius of the cell.44 With the value p = 2.2pNµm
for the force dipole and γ = 2.2 for the aspect ratio of the cell
body, Eq. (11) yields Ωzτˆ ≈ −0.8rad ≈ −45◦ for θi = 45◦. This
value is approximately 3 times larger than the change in the an-
gle obtained in simulations, 15◦, over this time scale, but it is on
the right order of magnitude. Hence, hydrodynamic interactions
between the swimmer flow field and the wall might play a role in
the reorientation dynamics during surface scattering, in contrast
to conclusions based on experiments.23,44.
Steric interactions yield reorientation of the cell after it touched
a wall. While interacting with the wall, the cell experiences a
repulsive normal force, which is F⊥s = −γT v¯sinθi, i.e., the cell
is no longer force free; γT is the translational friction coeffi-
cient. With the assumption that the propulsion force acts on
the center of mass of the cell located at a distance lcm sepa-
rated from the cell-surface contact point, F⊥s implies the torque
M = −γT v¯lcm sinθi cosθi. Then, the equation of motion γRθ˙i =M,
γR is the rotational friction coefficient, yields
d
dt
tanθi =−γi tanθi, (12)
and, thus, the time dependence
tanθi(t) = tanθi(0)e−γit , (13)
where γi = γT v¯lcm/γR. Figure 3(b) shows a fit of Eq. (13) to the av-
erage of the simulation data. Evidently, the reorientation dynam-
ics is well described by Eq. (13) over the considered time interval
for γi = 0.6/τˆ ≈ 3/s. (For the translation of simulation units to
physical units, cf. Ref.26.) Using the above theoretical expression
for γi, we find γi ≈ 7.5/s. Within the uncertainties in the param-
eters, this value agrees reasonably well with the fit. Moreover,
our values are in very good agreement with those obtained in the
experiments,23 where a fit yields γi ≡ κ ′ ≈ 4.9/s, and a theoretical
estimation κ ′ ≈ 6.3/s. Thus, the angular momentum, appearing
as a consequence of steric interaction as soon as a cell touches a
wall, can be responsible for cell reorientation, in agreement with
previous studies.23,44 However, no definite conclusion is possible
based in the simulation data, because of the wide uncertainty of
parameters entering the rather generic theoretically expressions.
For a more precise estimate, a more detailed theoretical approach
is needed.
3.3 Surface swimming
During stationary surface migration, the cells progress with their
body center-of-mass at nearly constant height. The center-of-mass
distribution function, Fig. 5(a), exhibits a peak at a value slightly
larger than the body diameter, d, and the width is approximately
d/2. This large surface separation can only be understood by
a significant wobbling dynamics, or a preferred alignment of the
body toward or away from the wall, because in a perfectly parallel
wall alignment state, the preferred distance should be ycm ≈ d/2.
Moreover, the figure suggest a weak dependence on the starting
orientation of the cell. The displayed differences result mainly
from lack of sufficient statistics.
Quantitatively, the strong variation of the body orientation is il-
lustrated in Fig. 5(b) for the two snapshots displayed in Figure 6.
The latter emphasize the large orientational variations due to the
particular (random) arrangement of flagella. In case of the larger
variations of θb, the distribution function exhibits two peaks in-
dicating a preferred orientation, which in three-dimension corre-
sponds to the swimming direction precessing on a cone. How-
ever, this does not affect the overall orientation of the cell, since
the average inclination angle is centered around zero with little
difference between the two realizations. The distribution func-
tion of the inclination angle is presented in Fig. 5(c). Despite the
broad distribution of inclination angles with negative values due
to wobbling, the overall distribution function depends very little
on the initial angle θs, as it should be expected, and exhibits a
maximum at a positive value. Again, deviations between data for
different initial values are of statistical origin. Hence, our sim-
ulations reveal a preferred cell orientation toward the wall, in
agreement with experimental results22,23 and simulations,21 but
in contrast to theoretical calculations for a straight, no-wobbling
cell,18,19 which predict an orientation away from the wall.
Interestingly, the large variations in body orientation have little
effect on the orientation of the flagella bundle, and hence the
overall cell orientation. Evidently, the bundle is quite stable and
its rotation dictates the cell-body dynamics rather than vice versa.
To quantify the wobbling motion, we introduce the wobbling
angle θw as the angle between the major axis of the body and the
cell’s swimming direction (main axis of the cell’s inertia tensor).
Figure 7(a) displays the distribution function P(θw) of the wob-
bling angle for the various realizations. Evidently, we obtain a
very broad distribution with the mean value θw = 46.2◦± 17.8◦.
Experiments yield the smaller average angle θw ≈ 30◦, although
the range of angles is comparable.23 Similarly, simulations of long
and highly flagellated cells yield an average value of approxi-
mately 30◦.21 Interestingly, we find a roughly bimodal distribu-
tion with a peak at about 10◦ and a very broad peak at about
55◦, separated by a pronounced gap at 20◦. This could be related
to the preferentially organize of the bundle, which is rather well
aligned with the cell body, or rather oblique to it. This is in con-
trast to experimental distributions, which show a high probability
for lower angles < 20◦ and no gap. The discrepancy may be a con-
sequence of the chosen fixed number of flagella, whereas E. coli
planktonic cells possess approximately 4−7 flagella. Simulations
of swarmer-type cells, with a larger number of flagella, show that
the number of flagella matters for bundle formation, and no gap
or high probability for small θw has been found.21 Thus, the role
of the number of flagella in bundle formation and orientation,
from a few to many, needs more detailed investigations.
The scatter plot in Fig. 7(b) collects mean values of the inclina-
tion and wobbling angle for the various realizations. For the mean
value over all realizations we find θi = 3.1◦ ± 1.4◦. As pointed
out before, the positive inclination angle is in agreement with
experiments,22,23 although our value is somewhat smaller. Sim-
ulation studies with a single flagellum aligned with the cell body
yield the inclination angle θi ≈ 10◦.70 The larger value could be
a consequence of the particular geometry of the applied E. coli
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Fig. 5 (a) Distribution function of the body center-of-mass distance from the wall for different initial angles. (b) Distribution of inclination angle for cells
with a large (red) and low wobbling (blue) angle. Inset: Definition of inclination and wobbling angle of a cell swimming close to a wall. (c) Distribution
function of the inclination angle for cells swimming at surfaces for the indicated starting angles.
Fig. 6 Snapshots of cells swimming at a wall (black line) for two real-
izations of flagella arrangements. (Top) The flagella are mainly localized
along the equator of the cell body. This leads to a very strong wobbling
motion. (Bottom) Example of a cell with flagella preferentially anchored
at the rear part of the cell body, which implies weak wobbling. (See sup-
plementary files, movie M2 and M3.)
model, where the helix radius increases toward the rear end of
the cell. Since the helix radius is larger than that of the cell, steric
flagellum-surface interactions prevent parallel alignment with re-
spect to the surface and imply an orientation toward the wall.
4 Summary and Conclusions
We have analyzed the entrapment dynamics of an E. coli-type cell
at a no-slip wall by mesoscale hydrodynamic simulations. The
random arrangement of (five) flagella on the cell body leads to a
strong wobbling motion. The entrapment dynamics can be classi-
fied into three phases, a nearly straight approach, reorientation,
and surface swimming. We have shown that swimmer-wall hy-
drodynamic interactions hardly affect the cell orientation as it
approaches the wall, since the initial and collisional orientations
with respect to the surface change only weakly and can be at-
tributed to fluctuations. The mechanism for the slow-down of
the swimming velocity in the vicinity of the wall is less evident
due to large scatter in our simulation data. Based on the theo-
retical models, we can neither rule out the frictional force by an
approaching Stokeslet nor the force by the cell’s force dipole, be-
cause both approaches yield quantitatively reasonable agreement
with the simulation results. Similarly, the reorientation of the
cell upon touching the wall can be attributed to hydrodynamics
and/or a torque emerging from the propulsion force. The ex-
tracted hydrodynamic rotation frequency is approximately three
times larger than that obtained in simulations. Similarly, rota-
tion by steric interactions is in good quantitative agreement with
simulation results. Due to uncertainties in the parameters of the
applied theoretical approaches, no definite conclusion about a
dominant mechanism is possible based on the simulation data,
and both, hydrodynamic and non-hydrodynamic effects, could
contribute simultaneously rather than a single mechanism only.
A qualitative and quantitative understanding requires a detailed
calculation with a more adequate model of a flagellated cell in
the vicinity of a wall. Finally, cells swim smoothly along the wall
on clockwise circular trajectories, with the major axis of the cell
preferentially directed toward the wall. This final state is inde-
pendent of the initial condition.
The cells exhibit a pronounced wobbling motion, both in bulk
and adjacent to a wall. The magnitude of the wobbling angle
is determined by the arrangement of the flagella on the cell sur-
face, the further they are away from the poles of the cylindrical
body, the stronger the wobbling. In general, the orientation of
the flagella bundle dictates the swimming direction, and its ro-
tation determines the alignment of the cell body rather than the
other way around. However, the wobbling frequency is equal to
the rotation frequency of the body, which is on average 1/5 of the
bundle rotation frequency.
The flagella bundle, which is in our case thinner than the body
diameter, is pointing toward the wall, independent of the ex-
tent of cell-body angular variations. The cell body orientation
is strongly affected by wobbling, but the overall cell orientation is
toward the wall. This contradicts theoretical results, which sug-
gest that the inclination of a straight bacterium is pointing away
from the wall (negative inclination angle).18,19 Our simulations
suggest that the inclination angle is only weakly affected by the
wobbling angle, despite a broad distribution of θw, the range of θi
is rather small. Quantitatively, our simulations yield a somewhat
smaller inclination angle than experiments using E. Coli bacte-
ria.22,23 The origin could be specific bacteria-wall interactions
not captured in our model, such as particular adhesive sites on
the bacteria surface, or interactions with unbundled short flag-
ella.
A characteristics of flagellated bacteria is a large variation of
their behavior, depending on various aspects such as number of
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Fig. 7 (a) Distribution function of the wobbling angle θw for the applied
realizations. (b) Scatter plot of the wobbling and inclination angle θi at the
wall (different initial angles and their various realizations). The dashed
lines indicate the average values.
flagella, flagella arrangement on the cell surface, formation of the
bundle, etc.21 Hence, simulation of a suitable ensemble and ex-
traction of meaning full averages is rather demanding, specifically
with a detailed bacterium model as employed in this study. Here,
many more in-depth studies are required to achieve a quantitative
understanding of swimming bacteria in bulk and at walls.
In summary, our simulations provide insight into the scattering
of flagellated bacteria at walls, in particular, into the relevance of
swimmer-wall hydrodynamic interactions. We hope that our re-
sults, specifically the importance of wobbling, will stimulate com-
parable experimental studies.
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